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Neutrino Oscillations

» Neutrino interaction eigenstates different from mass eigenstates
> Neutrino flavour can change through propagation

y, = UaiVou v, (t) _ e_i(Eit_pix)vi ( 0) normal hierarchy inverted hierarchy
- - Am? L/km
= Pg_p = sin“ 260 sin (1.27 V2 E/GeV) . — ) Py — —
(M)’ —————
» Solar Neutrino Oscillations
> Large Mixing (Am)
» Atmospheric Oscillations . o
> ~ Maximal Mixing
» Reactor and Accelerator Neutrinos o e |
et () (m;)"m =5

> sin? 26,53 = 0.092 + 0.021

Experimental Unknowns and Anomalies
> CP Violation? Sign of Am,5? Sterile Neutrinos?
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Absolute Neutrino Mass

B o allowed Bp .
» Energy Endpoint in Beta Decay @«L wA

2 __ 2...2 2 ~ (0.2 eV)?
mg = 2i|Ueil my, < (2.2 eV) (KATRIN, 2018)

» Neutrinoless Double Beta Decay s W

Tritium B-decay spectrum near endpoint

mgp = |Z;U5m,,| < 0.2--1.0 eV
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Neutrinoless

Double Beta Decay
» Process (4,Z2) » (A,Z + 2) + 2e~

» Uncontroversial detection of 0vgp
of utmost importance

> Prove lepton number to be broken

> Prove neutrinos to be Majorana particles 1 MeVS
(“Black Box Theorem”, Schechter & Valle '82) om, = 16n)? Mﬁ, ~ 10723eV
»  Which mechanism triggers the decay?
Light Neutrino Exchange General Effective Operator
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Effective OvBpB Operators

» Lorentz-Invariant Expansion in Effective Couplings
(Pas, Hirsch, Klapdor-Kleingrothaus, Kovalenko '99, ‘00)
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» Summation over leptonic j and

hadronic J current combinations
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» Current OV,B,B Limits (see FFD, Hirsch, Pas ‘12)
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New Physics Contributions .

University College London

to Ovpp — —

» Plethora of New Physics scenarios Z;L,::,; —
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Disentangling
New Physics Contributions

» Angular and energy distribution of emitted electrons
(Doi et al. '83; Ali et al. '06; Arnold et al. '10; FFD, Jackson, Nasteva, Soldner-Rembold '10)

dr
dE. dE.,d cos®

I
= E(1 — k(E,,,E.,) cos9),

-1<k<1

o Linear in cos @
° k(E,, E.,) dep

(FFD, Pas PRL 2007, Meroni et al. 2013)
> Depends on 0vBS mechanism

> Independent of details of

new physics

(if one mechanism dominates)
> See talk by Aurora Meroni

tomorrow
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1.0
ends on 0vBS mechanism s
» Comparison of 0vBp in multiple isotopes 05 02 04 06 08 10
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Effective Mass and Seesaw _UCL

» Effective operator for Majorana neutrino mass
> Only dimension-5 operator beyond SM

1 hif TC T 1 5C
LD A (LS - H)(HT - L) 3 (M) V5V _,_Q_<__L -

(H) (H)

» Seesaw Mechanism
- Add right-handed neutrinos N; to SM, My ~ 10'* GeV

_ 1 _ 1 ] _

ULM N
= . H H
» Light neutrino mass (H) (H)
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Effective Mass and Seesaw _UCL

» Effective operator for Majorana neutrino mass
. . (H) (H)
> Only dimension-5 operator beyond SM + *

N\ /
N\ /

T r 1 .
LD A (LS - H)(HT - L) 3 (M) V5V _>_U_<__L -

» Seesaw Mechanism
o Sterile Neutrino Mass Scale Unknown

- ~ 10 GeV Naive Seesaw, GUTs

- = 10° GeV Thermal Leptogenesis

- =~ 102 GeV Resonant Leptogenesis, Production at LHC
- ~ 1 keV Dark Matter Candidate

- ~1eV Oscillation, Cosmology, 0vBp
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Effective Mass and Seesaw _UCL

» Effective operator for Majorana neutrino mass

> Only dimension-5 operator beyond SM <i> <£I_>
/7
r Dl hij (Zc ] H)(HT . L-) N l(m )"1761/. \\ /
2 ANy 7wy 2T L C L

» Seesaw Mechanism
> Three possible mediators at tree level
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Effective Mass and Seesaw _UCL

» Effective operator for Majorana neutrino mass
. . (H) (H)
> Only dimension-5 operator beyond SM + *

N\ /

N\ /

1 hij —c T 1 —c
L> 22wy (L§-H)(HT - L) Ty E(mv)ijvi V; L—)—G—(——_
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» Radiative Generation via Loops
> Alternative to Seesaw, e.g. R-Parity Violating SUSY

(H)
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Problems of Naive Seesaw

» Introduces high energy scale

» Right-handed neutrinos are singlets

+ Couple only via small mixture
with active neutrinos

» Mechanism not testable
with low energy observables
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Problems of Naive Seesaw

v

Introduces high energy scale

Right-handed neutrinos are singlets

+ Couple only via small mixture
with active neutrinos

v

Mechanism not testable
with low energy observables

v

Possible Solutions

> SUSY Seesaw
- Testable LFV effects from sleptons

v
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Problems of Naive Seesaw

» Introduces high energy scale

» Right-handed neutrinos are singlets

+ Couple only via small mixture
with active neutrinos

» Mechanism not testable
with low energy observables

» Possible Solutions
> SUSY Seesaw
- Testable LFV effects from sleptons
> “Bent” Seesaw mechanisms
- Decouple A,y from heavy neutrino mass
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Problems of Naive Seesaw

» Introduces high energy scale

» Right-handed neutrinos are singlets

+ Couple only via small mixture
with active neutrinos

» Mechanism not testable
with low energy observables

» Possible Solutions
o SUSY Seesaw
- Testable LFV effects from sleptons
- “Bent” Seesaw mechanisms
- Decouple A,y from heavy neutrino mass
> Left-Right symmetric models

- Right-handed neutrinos couple
with gauge strength to charged leptons
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Left-Right Symmetry
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» Minimal Left-Right Symmetrical Model
> Based on

SU3) X SU2), X SUR)g X U(D) gy | o e anovic 75
- Higgs Sector

- Right-handed Triplet A (SU(2)g X U(1)g_;, = U(1)y)
- Left-handed Triplet A,
» Bi-doublet ¢ (SU(2), x U(1)y = U(1))

> Generate heavy masses My, =~ My,, =~ M,

~ (AR)
> General Seesaw Il Mechanism m;, mp
My = (mg MR)

> Charged current weak interactions

Neglect LR Mixing

— 9r . _ = - v
Ty, = +—( UEE + NFUER)y#L, + Nh Jw (VURE + NEUER)y*ig Jwy, ® EUUWV”L

i g ) _ — _
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LNV at LHC

U

RN

»  Monte Carlo Simulation (PROTOS)

» Main background tt, Z + jets
(Pythia, Alpgen)

» Fast Detector Simulation (AcerDET)

» Selection Criteria

> Number of jets N; > 2
Number of isolated leptons N, = 2

> Invariant di-lepton mass  m; > 300 GeV
Total invariant mass myj; > 1.5 TeV

Ny, [T@V]

Das, FFD, Kittel, Valle ‘12 l
LHC reach @ 14 TeV, 30 fb!
Opposite + Same Sign Leptons
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LNV at LHC

» Contributions to 0vgp
c Heavy Neutrinos

2
<MWL>4Z (UgiR
MWR i MNi
> Triplet R-Higgs

M * m 2
Wy p z URRY
(MWR> MXE_ i( ° ) N

> LR-Mixing neglected

S e
Das, FFD, Kittel, Valle ‘12 /" "Wk [TeV]

LHC reach @ 14 TeV, 30 fb™!
Same Sign Leptons
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General UV Completion

(Helo, Kovalenko, Hirsch, Pas ’13)

» Generic Tree-level Topologies for OvBB 9-dim Operator

Topology 1 Topology 11

» Sensitivity Comparison
between 0vBpB and LHC
> LHC with 14 TeV, 300 fb~?!
- Heavy Resonance

> LHC generally more sensitive
if heavy particles can be
produced on-shell

8eff

M, 5(GeV)
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Conclusion

» Neutrinos much lighter than other fermions

> Strong experimental program to probe absolute mass
> Dirac or Majorana? Lepton Number Violation?

Standard 0vBpB Majorana mass contribution well motivated
> Unique Weinberg operator, Seesaw mechanism
> But essentially untestable

Need to probe alternative / extended LNV mechanisms
Ovpp is crucial probe for BSM physics

v

v

v

> Hope for the Best 0vBB .
- New LNV physics at the TeV scale T1/2 ~ 10%°yr = Apyy = 1 TeV
- Prepared for the Worst
- Only 5-dim operator from LNV OVBB _ 1025 ~
physics at the GUT scale T1/2 10%yr = m, ~ 0.1 eV
» Synergy with LHC
> LHC probes LNV at and above the TeV scale Ay =1 —10TeV

> LHC can be more sensitive than 0vBpg if heavy
particles mediating LNV are produced
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